Abstract -Thin-film-transistor liquid-crystal displays (TFT-LCDs) have the largest market share of all digital flat-panel displays. An LCD backlighting system employing a three-color red-green-blue lightemitting diode (RGB-LED) array is very attractive, considering its wide color gamut, tunable white point, high dimming ratio, long lifetime, and environmental compatibility. But the high-intensity LED has problems with thermal stability and degradation of brightness over time. Color and white luminance levels are not stable over a wide range of temperature due to inherent long-term aging characteristics. In order to minimize color point and brightness differences over time, optical feedback control is the key technology for any LED-backlight system. In this paper, the feasibility of an optical color-sensing feedback system for an LED backlight by integrating the amorphous-silicon (a-Si) color sensor onto the LCD panel will be presented. To minimize the photoconductivity degradation of a-Si, a new laser exposure treatment has been applied. The integrated color-sensor optical-feedback-controlled LED-backlight system minimized the color variation to less than 0.008 ∆u′v′ (CIE1976) compared to 0.025 for an open-loop system over the temperature range of 42-76°C.
Introduction
LCDs with LED backlights are obvious candidates for flatpanel displays used in TV applications. The color reproduction of LED-backlit LCDs easily surpasses that of PDPs or CRTs. The red, green, and blue (RGB) LED backlight can provide almost any visible color in a compact form factor, and it offers unique features such as instant color adjustment. 1,2 LED backlights are very attractive considering their wide color gamut, tunable white point, high dimming ratio, long lifetime, and environmental compatibility. Furthermore, LED-backlit LCDs offer potential application for high dynamic contrast ratio by way of localized backlight driving, motion-picture-quality improvement by means of backlight blinking, and cost reduction using color-filter-less field-sequential display technologies. However, compared to cold-cathode fluorescent lamps (CCFLs), the high intensity LED has relatively lower efficacy and has problems with thermal and aging stability. 3 Therefore, LED-backlight color point and white luminance levels are not stable over a wide range of temperature or operating life due to the inherent characteristics of the LEDs.
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Optical-feedback requirement
Figures 1 and 2 depict the relative instability of the red, green, and blue LED backlight sources. Figure 1 shows the relative light output for each of the LED sources as a function of the temperature of the substrate on which the LED chip is mounted. Change in relative light output of the RGB-LEDs with time is shown in Fig. 2 . Without some means of closed-loop control, these variations would result in serious color point and brightness deviations over both temperature and time. Therefore, in order to minimize color-point and brightness differences over temperature and time, optical feedback control is the key technique for any LED-backlight system. There are many practical issues in implementation such as placement of the photosensor, sampling of light signals for feedback, effect of the LED drive current waveform on sensor signal integrity (crosstalk), and control system design. A three-color RGB LED-backlight system with an integrated color sensor on the LCD panel is depicted in Fig. 3. 
3
Sensor considerations
Sensor placement
To accurately detect color and luminance in large-sized (>40-in.) panels using LED backlights, at least two color sensors are required, one each for the upper and lower portions of the display. Measurement accuracy is affected by the degree to which the color sensor is tilted from its mounting pad during the assembly process. The best place to attach the color sensor is either at the corner or along the edge of the backlight module. Furthermore, the best place for measuring the mixed RGB light from the backlight source would be on the LCD panel itself. However, it is difficult to attach an external sensor and its circuitry to the LCD glass in a position perfectly aligned over an aperture that would be made in the narrow black border around the edge of the panel. Moreover, doing so would increase production cost and process time. In our work, we have developed a new technology for measuring the color point and white luminance of the LED backlight by using an a-Si photoconductive sensor integrated onto the LCD panel.
Sensor selection
Amorphous-silicon possesses well known photosensitive properties. 4 ,5 a-Si:H is an excellent material from the viewpoint of high photosensitivity in the visible-light region, short response time, thermal stability, low process temperature, and high production yield. We considered three candidates for an integrated panel sensor, namely, TFT, photodiode, and photoconductive sensors. A TFT would seem like an obvious candidate for an integrated sensor. However, to prevent the photosensitive properties of the TFT from adversely affecting the switching characteristics of the LCD, nearly all LCD manufacturers are applying a bottom-gate topology. The bottom-gate metal covers the active region of α-Si:H, thereby blocking the TFT from the backlight illumination. Clearly in the case of a sensor, the TFT would need to be illuminated. Also, available sensing area using a TFT would be small.
The most widely used optical sensor is a PN-or PINstructured photodiode. The photodiode has fast response time and proven long-term stability; however, its low sensitivity and small sensing area are drawbacks. Moreover, fabrication of such a device as an integrated sensor would require P-doping, which would require an extra process step and would not be compatible with conventional TFT-LCD fabrication processes. The third option, the photoconductive optical sensor, has a very simple structure and is completely compatible with current TFT-LCD processes. The long minority carrier lifetime and high mobility of carriers inside the photoconductive sensor enables high dynamic range. The large passive area of a-Si provides high sensitivity. This structure offers benefits of simplicity, compactness, and sensitivity without the drawbacks of the other options. Therefore, we selected the photoconductive sensor for our system.
Sensor: Theoretical modeling
A physical model of the photoconductive sensor is shown in Fig. 4 (a). The sensor works as a result of changes in photoconductivity at different light intensities. The generated electrons and holes from the incident photon energy move to the metal electrodes by the external electric field shown in Fig. 4 (a). Carrier generation depends on the monochromatic photon flow rate N (1/cm 2 -sec) which is related to the intensity I L (W/cm 2 ) and photon energy E P (= hυ, W-sec) of incident light as shown in Eq. (1). 6 The incident light energy determines the carrier density of the a-Si optical sensor. For simplification, we could treat electrons as photo-generated carriers. In Eq. (2), photoconductivity (σ) is derived from electron mobility (µ), the electron lifetime (τ), electronic charge (e) and the photon-energy transfer rate (δ). Finally, the photo resistance is shown in Eq. (3), expressed by the a-Si thickness (D), electrode distance (L), and width (W) of the sensor. Unit sensing area between the inter-combshaped electrodes is shown in Fig. 4(b) . If we define the length, the width, and the thickness of the film, the surface resistance of the a-Si active area would be expressed by Eq.
.
Photo-induced dangling bonds (defects) means broken atomic bonds, resulting from absorbed photon energy in the a-Si. Generation of these dangling bonds comes from the inherently weak and unstable bonding state of a-Si. The dangling bonds can easily capture the photo induced mobile carrier, which decreases the conductivity and causes instability of the sensor.
In a-Si, the number of photo-induced dangling bonds (N D ) changes the conductivity, shown in Eq. (4) because the defect creation rate is proportional to the carrier recombination rate. 7 The recombination process at the photo-induced defect is quite complicated because there are several possible transitions to steady-state conduction and valence energy levels. The photoconductivity in Eq. (4) is derived from the carrier mean free path (a E ), Boltzmann's constant (k), cross section for electron capture at defect (A), and temperature (T). In the photo-induced conduction state of a-Si, externally applied thermal energy interferes with the mobile carrier movement and decreases the conductivity.
To simplify, we define the Eq. (5), and the conductivity is given in Eq. (6) . The generation rate of the dangling bonds is proportional to the illumination time and light intensity and defined in Eq. (7). 7 Constant γ in Eq. (8) is the ratio of β to α extracted from the published literature. 8 The resistance of the a-Si photoconductor is given as Eq. (9). Figure 5 shows the calculated number of dangling bonds and resistance of the a-Si photoconductor.
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Panel-sensor integration
To minimize fabrication cost and increase the accuracy of the LED-backlight measurement, integration of the color sensor on the TFT-LCD panel is an attractive proposition. The a-Si photoconductive sensor with an RGB color filter was integrated on a 17-in. SXGA LCD panel as shown in Fig. 6 . The color sensor is behind the black outer border of the LCD. The electrodes of the fabricated sensor in Fig. 7 have an inter-comb structure to maximize the photo-detection area and electron-drift channel width. The sensor electrode gap is 10 µm with a channel width of 9000 µm and total area of 1 × 3 mm 2 .
Laser stabilization of photosensor
The theoretical and experimental photo-resistance shown in Fig. 8 is inversely proportional to the incident-light intensity, mobility of the charge carrier, lifetime of the charge carrier, and photon-energy transfer rate. The problem reported on a-Si used as a photo-sensor is the change in photoconductivity due to long-term exposure to light. 6 The change in resistance in the a-Si photoconductive sensor amounts to a 5× increase compared to the original state after an exposure time of 2000 min as shown in Fig. 9 . Many researchers started applying α-Si:H technology to image-sensing applications as early as 20 years ago, but the unstable response and low energy-transfer efficiency due to photo-induced defects impeded further investigation. 9, 10 We have developed a new approach for improving long-term photo-stability using high-energy-laser exposure. The instant high-energy light exposure process causes the α-Si:H to reach a saturated state of photo-induced dangling bonds. This photo-induced dangling bond saturation effect is equivalent to moving the sensor's photoconductivity to the flat portion (to the right) of the resistance curve shown in Fig. 5 .
The characteristics of a-Si photo-stability after laser treatment are shown in Fig. 10(a) . The a-Si has been treated with three different levels of laser energy. In the case of the 360-mJ/cm 2 laser-exposed sample, minimal photosensitive degradation is seen over a period of 35,000 minutes. It is important to apply a just-sufficient amount of laser energy to adequately saturate the dangling bonds. The photo-induced defect can be controlled theoretically in Eq. (7) with the exposure time and intensity of light. The correlation between the experimental and theoretical results of defect generation over time, with different levels of laser energy, is shown Figure 11 shows two sets of curves. All were taken from the same sensor. There are four curves taken before laser treatment and four taken after. At this state, the α-Si:H photo-sensor shows significant improvement in repeatability, about 98%, in comparison to 82% without the laser treatment.
Sensor performance
The readout circuit for the integrated sensor is implemented in a simple fashion with a half-bridge topology as shown in Fig. 12 . The measured output waveform of the fabricated sensor versus a commercial photodiode sensor at the pulse signal input to the LED is shown in Fig. 13 . Response time is critical for accurate measurement of the pulsewidth-modulated light output of the LED backlight. We compared the performance of our integrated photo-sensor with the commercial photodiode. The fabricated sensor has 100-µsec faster response time compared to that of the commercial sensor. PWM driving input in Fig. 13 is applied to the LED for the measurement of response time. The a-Si:H photo sensor readout circuit is shown in Fig. 12 , and the commercial photodiode was directly connected to the digital oscilloscope for detection of photovoltaic output. Measured spectral sensitivity on the back and front sides of the optical sensor is shown in Fig. 14 . The spectrum covers the entire visible range. To measure color, RGB color filters were placed at the back side of the fabricated optical sensor. The energy transfer rate is a function of both photon quantum efficiency as well as material-absorption properties. The energy transfer rate δ of the sensor in Eq. (2) consists of the quantum efficiency and absorption rate of the photon energy. The quantum efficiency is the carrier-generation rate per incident photon. The absorption rate is the number of photons that reach the depth of the a-Si layer from the incident light.
The experimental result in Fig. 14 shows that high photon energy (short-wavelength region) does not always result in high sensitivity (low resistivity) in terms of a real device. This is due to the material properties, which have greater absorption at shorter wavelengths. The sensitivity of the sensor depends on the surface conductivity by the generated carrier density in the plane of the electrodes. Short-wavelength light generates more carriers due to high quantum efficiency. For this reason, sensitivity to front incident light is greater at the shorter wavelengths. However, the absorption rate of short wavelengths in a-Si film is reduced because short wavelengths can not penetrate deeply. For this reason, sensitivity to back incident light is greater at the longer wavelengths. Figure 15 shows the measured relative spectral sensitivity of the sensor with the color filter in place. 
System design and results
The 17-in. LCD with an LED-backlight optical feedback control system utilizes the fabricated color sensor, signal-averaging amplification module (G S ), analog operation block, PWM generator, and feedback amplification (G F ) as shown in Fig. 16 . In this system, the color sensor detects the luminance of each RGB LED and provides an electrical signal to the analog controller for comparison between initial set values (V set ) and the measured values. If there is a difference between the set and measured values, the controller compensates the PWM signal to the LED. The measured waveform of the averaged sensor output and PWM control signal for LED backlight feedback are shown in Fig. 17 .
A comparison of color stability between the open loop and the optical-feedback closed-loop control systems is shown in Fig. 18 . The optical-feedback-control LED-backlighting system with a color sensor integrated onto the LCD panel reduced the color variation (∆u′v′) to less than 0.008 compared to 0.025 for a non-feedback system. Additionally, white-luminance-level variation is controlled to be less than 5 nits.
Conclusions
We have demonstrated the feasibility of an optical-feedback-controlled LED-backlighting system with an a-Si color sensor integrated onto the LCD panel. Integration of the color sensor provides a unique solution to the challenges posed by LED-backlight feedback systems including cost, photo-sensor placement, and sampling of light signals. The spectral sensitivity of the fabricated sensor without the color filter is nearly flat in response to both front and back incident monochromatic light sources. With the color filter in place, the integrated sensor shows suitable spectral sensitivity for detection of the RGB LED color and light intensity. Photo-degradation properties of a-Si were improved significantly with laser-exposure treatment. At this state, the α-Si:H photosensor shows significant improvement in repeatability, approximately 98%, in contrast to 82% without the laser treatment. The optical-feedback-controlled LED-backlighting system with integrated-on-panel color sensor improved the color variation (∆u′v′) to less than 0.008 compared to 0.025 for a non-feedback system. Additionally, white-luminancelevel variation is controlled to less than 5 nits over a temperature range of 42-76°C. For commercialization and mass production of the integrated color sensor on a TFT-LCD, temperature compensation of the sensor and a simpler embodiment of the color filter on glass will be developed in the future.
